In this Thesis, we aimed at exploring the nature of the Mott Transition from the view point that the nonlocal interaction must play an important role, especially near the transition point from the correlated metal to the Mott insulator. For this purpose, two perovskite-related systems were studied. The rst one was the metallic vanadate, Ca 1 x Sr x VO 3 , which has nominally one 3d electron per vanadium ion. The second one was the superconducting Sr 2 RuO 4 with a layered-perovskite structure, which has the same crystal structure as that of La 2 x Ba x CuO 4 .
7.1.1. Electronic states of Ca 1 x Sr x VO 3 We h a v e succeeded in preparing single crystals of the metallic alloy system Ca 1 x Sr x VO 3 using the FZ method, for the rst time. The system has nominally one 3d electron per vanadium ion; as we substitute a Ca 2+ ion for a Sr 2+ ion, the one-electron bandwidth W decreases due to the buckling of the V-O-V bond angle from 180 for SrVO 3 to 160 for CaVO 3 , which is almost equal to the analogous 3d 1 insulator LaTiO 3 .
As for CaVO 3 , we have revealed that stoichiometric CaVO 3 ( = 0:00) shows better metallic conductivity than o-stoichiometric CaVO 3 . In general, CaVO 3 has \oxygen-defects" and is dicult to oxidize further ( < 0) around room temperature. Nevertheless, a very slight peroxidation ( = 0:05) leads the system insulating without inducing any significant structural changes. We have also found drastic, unconventional changes of the magnetoresistance, magnetic susceptibility, and Hall eect in single-crystalline CaVO 3 ( > 0). The mechanism of these phenomena, as well as the nature of the MI transition in CaVO 3 ( < 0), are still under investigations. For the whole Ca 1 x Sr x VO 3 system irrespective of the value of x, the SommerfeldWilson ratio R W is almost equal to 2. The Kadowaki-Woods ratio A= 2 lies in the same region as for the heavy Fermion compounds. There is also a large contribution from electron-electron scattering to the resistivity even at room temperature. These features above provide strong evidence of the large electron correlations in this system. However, the density of states at the Fermi level D(E F ) obtained by the thermodynamic () and magnetic ( P ) measurements show only a moderate increase in going from SrVO 3 to CaVO 3 compared to D(E F ) deduced from the LDA band calculations This is inconsistent to the divergence of the eective mass expected from the Brinkman-Rice picture.
Accordingly, we suggest that LDA DOS cannot be interpreted as the bare noninteracting DOS, required as an input to the mean-eld-type many-body formalism of the electron correlations; this indeed invokes the 95 idea of the additional nonlocal electron correlations, i.e., thek-dependent self-energy.
In order to check the application of thekdependent self-energy, w e h a v e performed several high-energy spectroscopies, such as XPS, XAS, and UPS.
The core level XPS has shown that the V 2p and O 1s spectrum consist of three peaks even in the end members, CaVO 3 and SrVO 3 ; this can be attributed to the intrinsic surface electronic states, i.e., the charge disproportionation (2V 4+ ! V 3+ + V 5+ ).
Both the O 1s edge and V 2p edge XAS spectra cannot be explained by either the cluster model calculations or the LDA band calculations; this may beunderstood by the overlapping surface contribution, or by the formation of the Hubbard bands.
UPS spectra were completely dierent from LDA DOS, and consist of two w ell-dened features: one is the quasiparticle peak at E F , and the other is the high energy excitations 1:7 e V signaling the formation of LHB. As we increase the magnitude of U= W,alarge amount of the spectral weight is transferred from the coherent band to the precursor of LHB.
We h a v e succeeded to separate out the surface and bulk contributions from the total spectrum. We found a novel MI transition at the surface with a change in x, while the bulk remains metallic. This can becaused by the charge disproportionation at the surface, and has never been observed in any other material.
We h a v e compared the ordinary UPS spectra to the bulk spectra of the newborn measurement in order to extract the common properties. We havee calculated a spectral DOS using the large-d Hubbard model within the LISA method, as well as by the phenomenological introduction of the self-energy correction to the LDA DOS. The suppression of (E F ), which was observed in both experiments, has indicated that there are some interactions treated insuciently, thus, a correction to the local single-particle self-energy is necessary to reproduce the observed spectra. By squashing all those undetermined interactions, which are omitted in either LDA or LISA, into the tentativek-dependence of the self-energy phenomenologically, we could obtain reasonable values of m =m b as well as the reasonable t to the experimental spectra.
Electronic states of Sr 2 RuO 4
Sr 2 RuO 4 is the only copper-free superconductor with the same crystal structure as that of La 2 x Ba x CuO 4 . Sr 2 RuO 4 exhibits superconductivity below T c = 1:50 K, and a great deal of work has been carried out into the nature of its superconductivity, particularly since some ngerprints of a peculiar p-wave superconductivity h a v e been recently reported.
Angle-integrated photoemission spectroscopic measurements have been performed for the single-crystalline Sr 2 RuO 4 ; this is the rst well-characterized angle-integrated photoemission study on this material. Because of the recent controversy regarding the surface contribution to the photoemission spectrum of Sr 2 RuO 4 , w e h a v e taken particular care for the surface preparations. The surface of the samples was scraped in the ultra-high vacuum chamber at 80 K, the possible surface degradation was carefully checked by monitoring the O 1s core-level XPS spectrum, and we have conrmed with sucient reproducibility, the valence band spectra by a n umber of independent measurements.
RPES measurements have corroborated the band-like (itinerant) nature of the Ru 4d electrons with weak 4p 4d resonance enhancement. Nevertheless, we h a v e found that the UPS spectrum of Sr 2 RuO 4 around E F shows signicant spectral weight redistribution. This seems to be evidence of the extremely strong electron correlations, but the eective mass is, on the other hand, not as strongly enhanced as expected. This con-tradiction can be also explained consistently in the same fashion as we developed for the Ca 1 x Sr x VO 3 system; i.e., b y considering the tentativek-dependence of the self-energy correction to the LDA DOS. Therefore, Sr 2 RuO 4 gives us another example in which the nonlocal interaction may become important. We consider that the origin of the nonlocal interaction is the nonlocal exchange or correlation interaction resulting from the poorscreening of Coulomb i n teraction inherent in the low dimensionality of this system, and/or from the ferromagnetic as well as the orbital uctuations. As demonstrated by the UPS spectra, the LDA band calculation should include some form of self-energy correction, since, in the LDA approach, we completely fail to produce the satellite or the incoherent spectral features arising from many-bodyeects, that are not contained adequately in the LDA formalism. This local many-body eects, i.e., the formation of the Hubbard band and its intensity, are well explained by the large-d Hubbard model within the LISA method.
Description of the
We h a v e also found that LDA o v erestimates D(E F ) as well as underestimates the bare bandwidth compared to those of the large-d Hubbard model within the LISA method; i.e., the DOS obtained from LDA cannot be interpreted as an input to the bare DOS of the mean-eld type many-bodyformalism. This discrepancy between LDA DOS and bare DOS of LISA in terms of the bandwidth and the D(E F ) was indeed the basis for invoking the nonlocal self-energy. We h a v e also speculated that this nonlocal eect may become signicant near the Mott transition or in a low dimension system, where poorscreening of the Coulomb i n teractions exists.
Although we have succeeded to introduce an appropriate but tentativek-dependent selfenergy phenomenologically, it is no doubt a dicult task at present to estimate the intrinsick-dependent contribution to the selfenergy experimentally, because in order to deduce the form of thek-dependence, we h a v e t o compare the experimental data to a theoretical model of the non-interacting limit.
Especially, with regards to the comparison to the LDA band calculation as we actually did in this work, the obtainedk-dependence of the self-energy may be far from the intrinsic one, because the obtainedk-dependent self-energy might have only compensated the self-interaction eect inherent in the LDA p otential. It is known that LDA includes the Coulomb interaction term within an eectively single-particle-wise but self-consistent manner, and that this leads to a considerable narrowing of the bandwidths compared to the Hartree-Fock approximation in which nonlocal exchange is properly taken into account.
On the other hand, for the large-d Hubbard model, the neglect of the degeneracy implicit in the practical use of the large-d Hubbard model may lead to a wider occupied bandwidth. Moreover, it is also not clear what the implications are of ignoring the oxygen sublattice in this case. Clearly it would be ideal, and therefore highly desirable, to include the more realistic lattice for the multiband Hubbard model (the alliance between the larged Hubbard model and the LDA band calculation). But theoretical problems associated with such a task have not been made so far.
It is interesting to note that this important point has not been appreciated suciently in the context of electronic structures of strongly correlated systems. Thus, more elaborate theoretical as well as experimental studies in future are really expected to elucidate the nature of the nonlocal interaction, i.e., to clarify the true colors of the Mott transitions.
A T ale of Two Energy Scales
This Thesisis one of the rst experimental attempts to combine the high-energy spectroscopy spectrum to the thermodynamic property and the static magnetization in a single Mott-Hubbard system. To explain both of the experimental data consistently is a challenging problem, since they belong to vastly dierent energy scales. The photoemission spectroscopy is a probe for typically a high energy (0:1 1 eV), while the thermodynamic and magnetic measurements probe electrons typically within k B T (1 meV) of E F . Hence, our attempt may belikened to use a sledgehammer to crack a nut. Actually, there is indeed a-priori no reason to believe that the same model physics will bevalid in both the regimes.
Nevertheless, our trial seems to have succeeded to get a coherent view encompassing this vast energy scale.
With the high-energy probe, we have obtained the picture of the systematic evolution of the photoemission spectrum, where the DOS in the non-interacting limit splits into LHB, UHB, and the quasiparticle band at E F by the eect of on-site electron correlation. Moreover, with this high-energy probe, we found the other interesting feature: the bare DOS, which is the non-interacting limit of the large-d Hubbard model with LISA method, can not be similar to LDA DOS. In order to bridge-build between the two approaches, we introduced the nonlocal self-energy phenomenologically, which worked, in this case, to broaden the LDA band and thus reduce D(E F ); with this broadened DOS, we can t the observed data suciently by the large-d Hubbard model.
With the low energy probe, on the other hand, we have conrmed the validity of this model; i.e., the large enhancement of the !-mass, which is expected from the large spectral weight transfer in the high-energy region, is actually canceled. This is considered to be due to the small k-mass; i.e., the eective mass is the product of the !-mass and k-mass the former corresponds to the high-energy spectral weight redistribution, and the latter comes from the nonlocal self-energy.
The elucidation of what kind of interaction is actually squashed into the above phenomenological nonlocal self-energy, as well as to investigate whether this picture may valid in the very vicinity of the Mott transition are still an open question to be studied in the future work. This kind of study will give us the detail of two energy scale, which is one of the most important problems in the physics of strongly correlated electron systems, attracting a great deal of attention. 9;92 We hope this work can be a milestone of this attempt.
